Periodic pressure measurements made during the depletion of oil fields and virgin pressure measurements through normally-and over-pressured sequences in sedimentary basins both demonstrate that changes in pore pressure and minimum horizontal stress (σ h ) are coupled to one another. Pore pressure/stress coupling is predicted by poroelastic theory. Data from the North Sea (Ekofisk Field) and Texas (Travis Peak Formation of east Texas and Vicksburg Formation of south Texas) suggest that σ h decreases at approximately 80% and 50% of the rate of depletion of reservoir pore pressure respectively. Virgin pressures in overpressured sedimentary basins suggest that σ h increases at approximately 60-80% of the rate of increase in pore pressure in the Canadian Scotian Shelf, the Australian North West Shelf and the Gannet/Guillemot Fields area of the North Sea. The total vertical stress (σ v ) is given by the weight of the overburden and is unaffected by changes in pore pressure. Hence, contra to simple, uncoupled models of the effect of pore pressure on rock failure, differential stress in normal fault regime basins (σ v -σ h ) increases as pore pressure decreases, and decreases as pore pressure increases. Increased differential stress with decreased pore pressure can account for depletion-induced seismicity, despite effective stresses increasing. Decreased differential stress with increased pore pressure implies that a greater increase in pore pressure can be withstood prior to failure than would otherwise be predicted, and increases the propensity of tensile, rather than shear failure, occurring with overpressure development.
INTRODUCTION
Pore fluid pressure has long been recognised to play a critical role in rock failure. The Coulomb criterion, modified for the effect of pore fluid pressure, fits experimental data on rock failure:
where σs and σn are shear and normal stresses required for failure respectively, C is cohesion, µ is coefficient of internal friction, and P is pore fluid pressure (e.g. Handin et al., 1963) . The effective stress, (σn -P) or σn', rather than the total normal stress (σn) controls the resistance to shear failure, and increasing pore fluid pressure alone can induce failure. The manner in which increased pore pressure promotes failure is widely understood in terms of the Mohr circles illustrated in Figure 1 in which effective normal stress is plotted on the x-axis. The initial state is represented by the centre circle. The two circles to the left of the initial state represent pore pressure increases, with the total normal stresses assumed to be unaffected by changes in pore pressure. The increases in pore pressure result in Mohr's circle moving to the left until it intersects the failure envelope, at which point shear failure occurs. The shear stresses are not affected by the increases in pore pressure, and are only sufficient to cause failure at elevated pore pressure/reduced effective normal stress.
The depletion of oil reservoir pore fluid pressures that commonly accompanies production would, in the context of Figure 1 , be expected to enhance stability by moving Mohr's circle to the right, away from the failure envelope. However, there are many examples of reservoir depletion leading to seismicity, such as in the Ekofisk Field of the Norwegian North Sea, where a reduction of 21-24 MPa in reservoir pressure over 20 years of production has led to seismicity (Teufel et al., 1991 ; see also Chen and Nur, 1992) . The occurrence of such depletion-induced seismicity implies that the influence of pore pressure on failure is not as straightforward as suggested by Figure 1 .
Following a brief theoretical discussion, this paper presents several examples illustrating that changes in pore pressure are not, in fact, independent of changes in total stress. Hence Figure 1 is oversimplistic. Examples of pore pressure/stress coupling are provided both from periodic stress measurements in oil fields as the reservoir is depleted (herein termed 'field-scale'; Figure 2) , and from virgin pressures acquired through the transition from shallow, normally pressured sequences into deeper, overpressured sequences in sedimentary basins (herein termed 'basin-scale'; Figure 3 ). Pore pressure/stress coupling of the type described herein can account for depletion-induced seismicity in oil fields, and also has major implications for the style of failure (shear versus tensional) that develops with increasing overpressure, and the limits to overpressure in sedimentary basins.
COUPLED CHANGES IN PORE PRESSURE AND STRESS: THEORY
The theory of poroelasticity relates the elastic dilation of a porous rock to changes in pore pressure and stress (Biot, 1941; Engelder and Fischer, 1994 Pore pressure/stress coupling poroelastic theory allows the (total) minimum horizontal stress (σ h ) to be expressed in terms of the vertical stress (σ v ):
where and ν is Poisson's ratio (e.g. Mandl and Harkness, 1987; Engelder, 1993) . The above relation, and Equation 1, are subject to the commonly-made assumption that Biot's poroelastic constant is unity. Equation 2 is well known as the basis of fracture gradient relations used to predict the maximum density of drilling mud that can be used within a wellbore. Given that 0 < k < 1, it is clear from Equation 2 that σ h increases with pore pressure. Unlike the total horizontal stress, the total vertical stress is given by the weight of the overburden and is largely unaffected by changes in pore pressure (Engelder, 1993) .
Stress and pore pressure data are generally used to calibrate Equation 2 and, once calibrated, it is used to predict pressures such as fracture gradients. The extent to which k, determined as a calibration constant, relates to ν depends on the extent to which the assumptions of elasticity and lateral constraint are satisfied in the crust. These assumptions are not likely to be fully satisfied, hence the calibration constant k should not be considered to yield ν reliably (cf. Mouchet and Mitchell, 1989) .
Relations based on the assumption that stresses in the crust (specifically the ratio of maximum to minimum effective principal stresses) are at their frictional limit, beyond which faulting occurs, can also be used to explain pore pressure/stress coupling (Zoback et al., 1995) . However, for a normal fault regime basin (σ v > σ H > σ h ), these relations are empirically the same as Equation 2, differing only in the calibration constant used, and they are not discussed further herein.
OIL FIELD AND SEDIMENTARY BASIN-SCALE PORE PRESSURE AND STRESS DATA
Periodic stress measurements throughout the lifetime of a producing field directly witness the coupling of changes in pore pressure and σ h (herein termed 'field-scale' coupling; Figure 2 ). An increase in σ h from the shallow, normally pressured section into the deeper, overpressured section, over and above that due to increasing depth, is also indicative of pore pressure/σ h coupling (herein termed 'basin-scale' coupling; Figure 3 ). However, such basin-scale data do not provide a priori evidence of pore pressure/σ h coupling because changes in pore pressure and σ h with time can not be demonstrated. Nonetheless, if it is assumed that the shallow, normally pressured section is representative of the overpressured section prior to overpressure development, then the nature of basin-scale pore pressure/σ h coupling may be inferred.
Field-scale data are obtained from approximately the same (reservoir) depth, and pore pressure/σ h coupling can be demonstrated by plotting the two variables directly against one another ( Figure 2a ). However, basin-scale data are collected over a range of depths and the relationship between pore pressure and σ h in basin-scale data primarily reflects the increase with depth exhibited by both (Figures 3a and 3b) . Hence, it is necessary to depth-normalise basin-scale data, as pressure gradients, in order to compare them with field-scale data on pore pressure/σ h coupling ( Figure 3c ). In order to facilitate direct comparison, the field-scale data should also be depth-normalised ( Figure 2b ).
The key distinguishing characteristic of field-and basin-scale data is that the former relate to stress changes associated with pore pressure decreases (field depletion), whereas the latter relate to stress changes associated with pore pressure increases (natural overpressures). There are other significant differences. Basinscale data also tend to sample a wider range of depths, stratigraphic ages and lithologies (and hence material properties), than fieldscale data which are generally restricted to a reservoir interval. Hence greater scatter would be anticipated in basin-scale data than in field-scale data. Furthermore, field-scale coupling occurs over the years to tens-of-years period of field development, whereas at the basin-scale the phenomenon is presumably developed and maintained over geological time-scales. Despite the significant differences between field-and basin-scale processes, both seem to operate in a broadly similar nature, as is shown by the examples in the following section.
The data on pore pressure/σ h coupling presented herein are based on stress measurements undertaken during exploration drilling and during field development. The most reliable determinations of σ h are yielded by hydraulic fracture tests. In such tests a tensile fracture is opened by increasing the fluid pressure within an isolated section of wellbore. The fluid pressure at which the hydraulic fracture closes provides a direct estimate of σ h , based on the assumption that the fluid is holding the fracture open against the least principal stress (see Engelder, 1993 for a review of the procedure). Field-scale data presented herein are based on such tests which are often undertaken as part of hydraulic fracture stimulation treatments in low permeability reservoirs. Unfortunately, hydraulic fracture tests are not widely undertaken during exploration drilling. However, leak-off tests, in which the pressure at which a fracture opens is determined, are routinely undertaken. Such leak-off (or fracture) pressures are routinely determined because they give an indication of the maximum mud weight that can be used without generating fractures into which drilling mud would be lost while drilling ahead. Leak-off pressures do not yield as reliable estimates of σ h as fracture closure pressures, largely because the leak-off pressure is controlled by the disturbed stress field at the wellbore wall, and because the leak-off pressure must overcome any tensile strength of the formation. Nonetheless, it is widely accepted that the lower bound to leak-off pressures gives a reasonable estimate of σ h (e.g. Breckels and van Eekelen, 1982) .
Hydraulic fracture testing yields formation pore pressures and wireline formation testers are also used to directly measure pore pressures. However, such direct pressure measurements are not generally available at the depth of a leak-off test, and mud weights were generally used as a proxy for pore pressure in the absence of direct measurements in the basin-scale datasets. Mud weight is usually maintained slightly above pore pressure in order to prevent the entry of formation fluids into the wellbore. Zones of elevated pore pressure are invariably marked by increased mud weight. However, mud weight can be raised for other reasons such as to improve wellbore stability.
PORE PRESSURE/STRESS COUPLING AT THE OIL FIELD AND SEDIMENTARY BASIN-SCALES
Data from the Ekofisk Field, Norwegian North Sea (by Teufel et al., 1991) provide a typical example of field-scale data. Pore pressures and σ h are based on hydraulic fracture-type tests undertaken periodically over 20 years of field production and associated depletion of reservoir pressure. The data are separated into those from the crest (approximately 2.9 km), the flanks (approximately 3.0 km) and the outer flanks (approximately 3.1 km), and considering each area, the plot of pore pressure versus σ h directly witnesses pore pressure/σ h coupling (Figure 2a) . In order to facilitate comparison with other datasets these data have been re-plotted as pressure gradients (Figure 2b) . As reported by Teufel et al. (1991) , σ h decreases at approximately 80% of the rate of pore pressure in the Ekofisk Field. Hence, effective horizontal stress (σ h -P) increases at only 20% of the rate of pore pressure decrease. Since the total vertical stress is given by the weight of the overburden and is unaffected by changes in pore pressure, effective vertical stress (σ v -P) increases at the same rate that pore pressure decreases. As discussed in the following section, the differing rates of change of the effective horizontal and vertical stresses can account for depletion-induced seismicity. Bell's (1990) data from the Canadian Scotian Shelf (offshore eastern Canada) provide a typical example of basin-scale data (Figure 3) . Pore pressures are based on mud weights, wireline formation testers and drill stem tests and σ h is based on leak-off pressures. All of Bell's (1990) data has been compiled in Figure 3 , except tests where leak-off did not actually occur and where the open-hole interval in a leak-off test was >300 m, and hence the depth of leak-off could not be ascertained. The data are plotted as pressure versus depth in order to illustrate the depth-range over which the data were collected, and the broad increase in pore pressure and σ h with depth ( Figure 3a) . In Figure 3b pore pressure is plotted directly against σ h . Unlike in field-scale data, such plots are not useful in illustrating basin-scale pore pressure/σ h coupling because the strong correspondence between the two variables reflects the increase in both variables with depth. In order to investigate pore pressure/σ h coupling at the basin-scale, the pressure data must be depth-normalised, i.e. converted to pressure gradients (Figure 3c ).
In the Scotian Shelf σ h increases at 76% of the rate of pore pressure (Figure 3c ). Hence, effective horizontal stress (σ h -P) decreases at only 24% of the rate of pore pressure increase/effective vertical stress decrease. As discussed in the following section, the differing rate of change of the effective horizontal and vertical stresses has major implications for the style of failure (shear versus tensional) that develops with increasing overpressure, and for the limits to overpressure. Figure 4a presents basin-scale coupling data from the Australian North West Shelf (Bonaparte and Carnarvon Basins, filtered to exclude pore pressures <11 MPa/km in order to exclude the large amount of normally pressured data, associated with which there is significant scatter), and from the Gannet/Guillemot Fields area of the UK North Sea. These two basin-scale examples comprise previously unpublished data. In the North West Shelf, σ h increases at approximately 75% of the rate of pore pressure, and in the Gannet/Guillemot Fields at approximately 60%. Figure 4 also presents field scale depletion data from the Oligocene Vicksburg Formation of south Texas (Salz, 1977) , from the Cretaceous Travis Peak Formation of east Texas (Whitehead, 1987) and from a compilation of data from the Alberta Basin of western Canada (Woodland and Bell, 1989) . In all cases the data have been compiled/digitised and re-plotted as pressure gradients (MPa/km) in order to facilitate comparison between the different datasets. In the Vicksburg Formation σ h decreases at approximately 48% of the rate of pore pressure, and in the Travis Peak Formation at 57%. The Alberta Basin data is the only example in which there is no significant coupling between pore pressure and σ h . Table 1 summarises the pore pressure/σ h coupling ratios witnessed by the datasets presented, and also additional datasets analysed by Breckels and Van Eekelen (1982) and Addis (1997) . All the datasets, except that for the Alberta Basin, show pronounced pore pressure/σ h coupling. Hence it appears that a wide body of data are consistent with the predictions of poroelastic theory with respect to pore pressure/σ h coupling. The implications of this coupling for seismicity are discussed in the following section.
IMPLICATIONS FOR SEISMICITY

Depletion-related seismicity (field-scale data)
From Table 1 it appears that a typical value for the rate of increase of σ h with pore pressure at the field-and basin-scale is 70%. In order to illustrate the implications of pore pressure/σ h coupling for seismicity, this value is used below. Furthermore it is assumed that the total vertical stress is given by the weight of the overburden and is unaffected by changes in pore pressure. A normal fault regime (σ v > σ H > σ h ) typical of sedimentary basins where σ h and σ v are the minimum (σ 3 ) and maximum (σ 1 ) principal stresses respectively is also assumed. Figure 5 illustrates the changes in total horizontal stress, effective horizontal stress, total vertical stress and effective vertical stress that result from changes in pore pressure given the above assumptions. With depletion, effective vertical stress (σ v ') increases at the rate that pore pressure decreases because total vertical stress is unaffected by changes in pore pressure. Effective horizontal stress (σ h ') increases more slowly than pore pressure decreases (or effective vertical stress increases), because total horizontal stress decreases with pore pressure. Hence, as pore pressure decreases, differential stress (σ 1 -σ 3 ) increases ( Figure 5 ). Such a depletion-related increase in differential stress can lead to failure, despite the effective stresses increasing (Teufel et al., 1991; Chen and Nur, 1992) . Figure 6 illustrates the consequences of these coupled changes as a series of Mohr's circles from which it is clear that depletion and the associated decrease in reservoir pressure may indeed lead to failure, contra the implications of Figure 1 . Whether depletion-related failure occurs or not depends ultimately on the relationship between the rate of increase of differential stress and the slope of the failure envelope.
Overpressure-related seismicity (basin-scale data)
Effective vertical stress (σ v ') decreases at the rate that pore pressure increases because total vertical stress is unaffected by changes in pore pressure ( Figure 5 ). Effective horizontal stress (σ h ') decreases more slowly than pore pressure increases (or effective vertical stress decreases) because total horizontal stress increases with pore pressure. Hence, as pore pressure decreases, differential stress decreases ( Figure 5 ). Figure 7 illustrates the consequences of these coupled changes as a series of Mohr's circles which have significant implications for overpressure development and associated failure in sedimentary basins.
In the isolated pressure compartments in which overpressures occur, rock failure limits the maximum pore pressure that can develop. Pore pressures increase to a point where failure is induced, at which point pressure bleeds off through the resultant fractures. Pore pressure may increase again until the failure limit is again reached. Rock failure thus acts as a valve limiting the maximum pore pressure that can develop. It is clear from Figure 7 that, as a consequence of the decrease in differential stress with increasing pore pressure, a greater increase in pressure can be sustained within overpressured compartments than would be predicted by Figure 1 . Furthermore, the coupled nature of pore pressure/σ h changes influences the mode of failure (shear vs. tensile) that is likely to develop. In order for tensile failure to occur, the differential stress must be relatively low: sufficiently low for Mohr's circle to slide under the failure envelope at positive effective minimum stress. Hence the decrease in differential stress with increasing pore pressure not only permits a greater increase in pore pressure than would be predicted by uncoupled models, but also increases the likelihood that tensile, as opposed to shear, failure may limit overpressure development. 
DISCUSSION
Changes in pore pressure are coupled to changes in σ h both as reservoir pressures are depleted through field production, and as natural overpressures develop in isolated pressure compartments within sedimentary basins. It is perhaps surprising that given the differences between depletion data and overpressure data, most notably the different spatial-and time-scales over which the phenomenon is developed in the two environments, that coupling appears to behave in a broadly similar fashion in both cases.
Pore pressure/stress coupling is not the only stress-related phenomenon that appears to act similarly across a range of timescales. Fluid flow in subsurface reservoirs is channelled in the maximum horizontal stress direction both over the geological timescale and the anthropogenic time-scale of field production. The orientation of sealing faults (i.e. those that support a difference in hydrocarbon/water contact) and non-sealing faults is strongly controlled by contemporary horizontal stress orientation (Heffer and Fox, 1996) . Such sealing characteristics must be maintained over geological time-scales. At the field development time-scale the flow direction of water injected into reservoirs in the course of reservoir stimulation is also strongly controlled by contemporary horizontal stress orientation (Heffer and Lean, 1993) . Hence stress controls the directionality of fluid flow in the sub-surface at the geological time-scale and at the anthropogenic time-scale of field production.
The implications of pore pressure/stress coupling for rock failure and seismicity have been discussed above. Pore pressure/stress coupling also has major implications for the stability of open (uncased) wellbores during the production of a field (Addis, 1997) . Wellbores initially stable may become unstable due to the changing stress environment to which they are subjected.
Unfortunately there is very little information on the way in which maximum horizontal stress (σ H ) varies with pore pressure, because σ H is more difficult to measure than σ h . The previous discussion of seismicity effects assumed normal fault regime basins in part because this is the normal state-of-stress in sedimentary basins, but also in part because σ H is the intermediate principal stress in such basins and its influence on rock failure is less critical than that of the minimum and maximum principal stresses (σ h and σ v ). One of the key outstanding problems associated with a full understanding of depletion-and overpressure-related seismicity is better knowledge of the way in which σ H varies with pore pressure.
CONCLUSIONS
Changes in pore pressure are coupled to changes in σ h both at the field-scale of reservoir pore pressure depletion due to production, and at the basin-scale of overpressure development. Such coupling is predicted by poroelastic theory and witnessed by a large number of datasets ( Table 1 ). Given that the total vertical stress (σ v ) is unaffected by changes in pore pressure, differential stress increases with decreasing pore pressure, and decreases with increasing pore pressure in a normal fault regime basin. The increase in differential stress with decreasing pore pressure can account for widely observed depletion-related seismicity, which is not predicted by simple, uncoupled models of the effect of pore pressure on rock failure. The decrease in differential stress with increasing pore pressure means that a greater increase in pore pressure can be withstood prior to failure in overpressured compartments than would otherwise be predicted. Furthermore, it increases the propensity of tensile, rather than shear failure, occurring with overpressure development.
